ZnO thin films with near perfect crystallinity have been grown epitaxially on sapphire ͑001͒ by pulsed laser deposition technique. The -rocking curve full width at half-maximum of the ZnO͑002͒ peak for the films grown at 750°C, oxygen pressure 10 Ϫ5 Torr was 0.17°. The high degree of crystallinity was confirmed by ion channeling technique providing a minimum Rutherford backscattering yield of 2%-3% in the near-surface region (ϳ2000 Å). The atomic force microscopy revealed smooth hexagonal faceting of the ZnO films. It has been possible to deposit epitaxial AlN films of thickness 1000 Å on epi-ZnO/sapphire. Excellent crystalline properties of these epi-ZnO/sapphire heterostructures are, thus, promising for lattice-matched substrates for III-V nitride heteroepitaxy and optoelectronics devices.
Recent progress in III-V nitride growth has enabled the fabrication of high intensity blue light-emitting devices. GaAl-In nitrides are currently grown by heteroepitaxy on a number of substrates 1-6 including sapphire, SiC, MgAl 2 O 4 , and MgO. Despite its poor structural and thermal match to GaN, sapphire has been a substrate material of choice due to its low cost, availability in large area wafer, and its wide energy band gap. However, as-grown nitride films on sapphire are known to contain a high density of defects 7 ͑mainly threading dislocations͒, which affect both electrical and optical properties of the devices. 8 In this context, ZnO is an interesting buffer layer material for GaN, 1,4,9,10 possessing the following advantages: ͑i͒ it is a wide band-gap ͑3.3 eV͒ semiconductor with crystalline properties ͑wurtzite structure, aϭ3.25 Å, and cϭ5.20 Å͒ similar to those of GaN ͑lattice mismatch ϳ2%͒, ͑ii͒ it is highly transparent ͑85%-95%͒ in the visible region, and ͑iii͒ it can be grown epitaxially on c-, a-, and r-plane sapphire, and hence, epi-ZnO/sapphire can be useful as a lattice-matched semiconducting substrate for GaN. For example, Akasaki et al. 10 have employed sputter ZnO buffer layers on sapphire for GaN. Hamdani et al. 11 have reported high quality GaN films on bulk ZnO crystals due to a near match of both lattice parameters and stacking order between GaN and ZnO.
To date, ZnO thin films have been prepared by various deposition techniques, such as chemical-vapor deposition ͑CVD͒, 12 sputtering, 13 and pulsed laser deposition ͑PLD͒.
14-17 Although growth of well-textured c-axis ͑with-out in-plane alignment͒ and epitaxial films on various substrates have been well documented in the literature, 4, 9, 10, [12] [13] [14] [15] [16] [17] a much superior quality of the ZnO films is required for GaN buffer layer application. Here, we report on the growth of high quality single-crystal ZnO films on sapphire ͑001͒ by PLD.
Details of our PLD system can be obtained elsewhere. 18 In brief, a KrF excimer laser ͑ϭ248 nm, ϭ25 ns͒ was used for ablation of a commercially available, hot pressed, stoichiometric ZnO ͑99.99 purity͒ target. The beam was focused to produce an energy density of ϳ2 -3 J/cm 2 . The films were deposited on sapphire ͑001͒ at a repetition rate ranging from 10 to 15 Hz, for 10 to 15 min. In this study, 500-5500 Å thick ZnO films were deposited at the substrate temperature (T s ) range of 300-800°C, under an oxygen (O 2 ) pressure of 10 Ϫ5 -10 Ϫ2 Torr. The average growth rate was found to be ϳ0.9 Å/pulse. The crystalline quality of ZnO layers was evaluated using four-circle x-ray diffraction ͑XRD͒, and Rutherford backscattering spectroscopy ͑RBS͒/ ion channeling using well-collimated 1.5 MeV He ϩ ions. The surface morphology and optical properties were studied by atomic force microscopy ͑AFM͒ and UV-visible spectroscopy, respectively.
The critical parameters for the fabrication of highly crystalline ZnO films are found to be the deposition temperature, pulse repetition rate, and O 2 pressure. The ZnO grows epitaxially at T s as low as 300°C, however, the crystalline quality of the films improves with increasing T s , up to 800°C. The XRD ''⌰-2⌰'' angular scans of the films deposited in the range of processing parameters ͓see Fig. 1͑a͔͒ show only the ͕00l͖ family of planes of ZnO and sapphire, indicating that the films are highly c-axis oriented. The rocking curves for the ϳ600 and 5500 Å thick films grown at 750°C are shown in Fig. 1͑b͒ and the FWHM are given in Table I . The narrowest rocking curve FWHM was 0.17°for the films grown at 750°C, and in the O 2 pressure of 10 Ϫ5 -10 Ϫ4 Torr, indicating an excellent alignment of (00l) lattice planes with that of sapphire ͑001͒.
The in-plane alignment of the films for various T s , O 2 pressures, and deposition rates were obtained using ⌽ scans, and the results are shown in Figs. 1͑c͒ and 1͑d͒. The film prepared at 500°C with the pulse repetition rate of 15 Hz showed 12 broadened peaks ͓Fig. 1͑c͔͒, indicating two inplane orientations with a 30°rotation of the unit cells with respect to each other. A perfect alignment with a single inplane orientation is achieved for the films grown at T s of 750°C and a pulse rate of 10 Hz ͓Fig. 1͑d͔͒. The increase of surface mobility of the adatoms at the high growth temperature is responsible for improvement of the film alignment. The in-plane epitaxial relationship was found to be ZnO͓1010͔ ʈ Al 2 O 3 ͓1120͔, indicating a 30°rotation of the ZnO unit cell with respect to the sapphire, which is similar to that of AlN and GaN on sapphire.
1, 5, 6 The optimum O 2 pressure regime was found to be ranging from 10 Ϫ5 -10 Ϫ4 Torr. The epitaxial quality of the PLD ZnO films were investigated by the ion channeling technique. The ratio of the backscattered yield with the 1.5 MeV He ϩ beam incident along ͓001͔ ͑channeled͒ and random directions, respectively, reflects the epitaxial quality of the film, and was found to be strongly dependent on growth temperature. This ratio ͓ min͔ decreases with an increase of T s above 600°C. It is interesting to note that the XRD-and ⌽ scans for the films grown at 600°C show epitaxial nature with good crystalline properties ͑Table I͒. However, the RBS channeling was poor, indicating that the films had low-angle grain boundaries. Figure 2 shows the aligned and random backscattering spectra for a 5500 Å epitaxial ZnO film deposited at 750°C. The aligned spectra show a large reduction of the backscattered yield in the film. The minimum yield near the surface region is ϳ2%, indicating high quality epitaxy of the ZnO film on sapphire ͑001͒. Due to a large lattice mismatch between the film and the substrate ͑16.7%͒, one would expect a large density of misfit dislocations to be observed within the first few hundred angstroms from the interface. Our channeling results, as shown in Fig. 2 ͑aligned spectra͒, clearly indicate an increase of minimum yield up to ϳ10% near the interface region, suggesting the presence of displaced Zn atoms close to the interface. The XRD-rocking curve for the ϳ600 Å thick film also supports these findings. The increase of FWHM for the thinner film is in accordance with the increase of disorder near the interface. Figure 3 shows an AFM image of the epitaxial ZnO film grown at T s of 750°C and O 2 pressure of 1ϫ10 Ϫ5 Torr. The hexagonal terraces with a high density of atomic steps observed on the surface of the film may be useful for a subsequent epitaxial growth of GaN. The surface features can be controlled as a function of T s and O 2 pressure. The optical properties of these films were studied by UV-visible spectroscopy and the results are shown in Fig. 4 . An average transmission of 90% in the visible region with a sharp ab-FIG. 1. XRD results of the PLD ZnO films grown at various conditions: ͑a͒ and ͑b͒ are the ⌰-2⌰ scan and rocking curves for the films grown at 750°C, and in the O 2 pressure of 10 Ϫ5 Torr, and ͑c͒ and ͑d͒ are the ⌽ scans of the ZnO ͑101͒ family reflections of the films grown at T s ϭ500°C with a pulse repetition rate of 15 Hz, and T s ϭ750°C, with a pulse repetition rate of 10 Hz, respectively. sorption edge at 383 nm was achieved in the epitaxial ZnO films. We could also observe the peak in the absorption spectrum due to the existence of a possible excitonic state. 19 The plot of the absorption coefficient versus photon energy in the region of high optical absorption showed an optical band gap of 3.3 eV, which is the same as that of a single-crystal ZnO.
We have explored the epi-ZnO/sapphire substrate for growth of AlN. The AlN films (ϳ1000 Å) were also deposited by PLD. Figure 5 shows XRD patterns of AlN film on ZnO grown at T s ϭ750°C. The films were found to be epitaxial with the -rocking curve FWHM of 0.23°, which is lower by 40%-50% than that of AlN film grown on sapphire under identical conditions. 6 The RBS studies showed that there is no severe reaction between AlN and ZnO at the interface. The minimum yield for AlN film was ϳ60% -70% and could improve upon optimization of nitrides. It should be noted that the growth of nitrides by PLD is relatively new and may, in time, yield more superior materials. The metal-organic chemical-vapor deposition ͑MOCVD͒ and molecular beam epitaxy are matured techniques and may benefit from utilizing epi-ZnO/sapphire for growing GaN.
In conclusion, ZnO films with high crystalline and optical quality have been grown on sapphire by PLD. The films deposited under the optimized growth conditions exhibited FWHM, ⌬⌽, and min of 0.17°, 0.41°, and 2%, respectively. The optical transparency in the visible region and the energy gap were 90% and 3.3 eV, respectively. Our results clearly indicate that these films provide a suitable host lattice for epitaxial growth of AlN and could be useful for heteroepitaxy of GaN and future optoelectronics devices on sapphire. 
